We propose and test a structural model of the interaction between the aluminium market and the macroeconomy incorporating the rational expectations hypothesis. Based on a competition à la Cournot, our model predicts that aluminium spot price and inventories will respond to macroeconomic shocks to line up supply to the demand level. The model also includes incomplete adjustments to shocks that occur near the delivery date of futures contracts with the implication of a likely high persistence in the aluminium spot price. Estimation results show that the aluminium price is significantly affected by the real exchange rate, while the influence of the real interest rate is small. We argue that this result is largely expected once we consider the peculiar features of the aluminium market. Further support to this view is provided by the large persistence of the aluminium price response to its own shock and by the negligible contribution of stockholdings innovations to the price forecast error variance. Finally, macroeconomic shocks explain on the whole a relevant share of the aluminium market variables forecast error variance.
I. Introduction
In this paper we study the effects of monetary policy and other relevant macroeconomic shocks on the dynamics of the world aluminium market price and stockholding activities. The adjustment of commodity prices to new information has been a central question in macroeconomics, focusing on the effect that sticky prices have at the aggregate level. Related theoretical and empirical works have addressed the effects of macroeconomic shocks on commodity storage decisions to account for agents'
reactions.
The world aluminium market provides an interesting case study for two different reasons. Firstly, as many industrial commodities, there is no evidence of stockouts and very little empirical support for nonlinear price dynamics in historical data of the aluminium market (Gilbert, 1995) . 2 This allows the rational expectations hypothesis (REH) for commodity prices to be consistently imposed and tested in a stockholding equation (Deaton and Laroque, 1992) . Secondly, it has been shown that monetary disturbances significantly affect mineral and agricultural prices in the short-run. This phenomenon has been rationalized by Frankel (1986 Frankel ( , 1995 Frankel ( , 2006 resorting to the "overshooting" theory: a temporary increase in the real interest rate, due, for example, to a decrease in money supply, makes demand for commodities decrease and, consequently, real commodity prices fall until agents will consider them "undervalued"
2 Non-linearities from stockouts are evident in many agricultural price series and have serious consequences on the tractability of theoretical models and their ability to provide testable predictions (see Laroque, 1992, 1996) . A complimentary study by Chambers and Bailey (1996) shows how the introduction of time-dependent and periodic disturbances in models of agricultural price determination can account for a wide range of empirical fluctuations.
and formulate expectations of future appreciation. The general price level adjusts in the long-run to the monetary shock and, as a result, the real interest rate and commodity prices eventually return to their initial level.
Basically, the overshooting phenomenon is due to the larger speed of adjustment of agricultural and mineral prices compared to most other prices. In contrast, in many nonferrous metals industries, including aluminium, producers and consumers sign annual contracts specifying quantities and grades, therefore prices should not instantaneously adjust.
Thus, in this paper, we specify a theoretical framework based on a Cournot competition for modelling the market behaviour of this industrial commodity (Powell, 1993; Gilbert, 1995) 3 . In line with this model, we pursue the confutation of the overshooting theory in the world aluminium market basing on the peculiar features of its functioning. Under the hypotheses of the model, producers do not revise their production levels once the price is known so that, as contracts approach the delivery date, consumers may be able to do arbitrage. This implies that macroeconomic shocks to aluminium price that occur near the delivery date of a given contract may not be fully passed through into the price of that contract. As a result, also hypothesizing agents' rationality, the expected (or future) price might adjust incompletely and exhibit high persistence.
In summary, we focus our study on the following questions: i) How persistent is the effect of an aluminium price shock on the price itself? ii) What is the dynamic relationship between the aluminium stockholding and price behaviour? iii) How 3 The view that the aluminium industry may be thought of as exhibiting Cournot competition implies that production will be determined by the level of orders rather than by price (Powell, 1993) .
important are macroeconomic disturbances in explaining the aluminium stockholding and price variability?
The rest of the paper is organized as follows. In Section 2 some basic descriptive evidence on the relationship between the aluminium world market and macroeconomic variables is provided using dynamic correlations and graphical analysis. The theoretical insights and the empirical tests are obtained in Section 3 by modifying the Gilbert's (1995) rational expectations model of aluminium market and by embedding it in a Structural VAR (SVAR) framework. In Section 4 we discuss estimations, while Section 5 concludes.
II. Preliminary evidence
A preliminary picture of the empirical relationship linking the aluminium market to macroeconomic factors can be obtained by simply computing cross-correlations and plotting graphs of the relevant time series.
Given the dimension of the US economy and its role as a large aluminium producer, we proxy the relevant variables using US data. The only exception is the world demand, proxied by the OECD countries' industrial production.
The data and variables used in this Section are a subset of those employed in the main econometric exercise. In order to avoid severe monetary fluctuation episodes which took place before 1995, we confine our analysis to the monthly sample data spanning January 1995 to July 2004. 4 The variables of interest are the real world aluminium price, t p , the aluminium inventory demand, , the US real interest rate, , and the US dollar real exchange rate, . It is known that the overshooting model of commodity prices proposed by Frankel (1986) predicts that an increase in the real interest rate induces arbitrageurs to shift out of storable commodities, moving into more attractive bonds. In the short-run this will depress both commodity and manufactured market prices, which in the long-run will eventually revert to their equilibrium level. Since commodity prices are in general much more flexible than manufactured ones in the short-run, they must temporarily fall below their long-run equilibrium level, i.e. "overshoot", in order to have a rational anticipation of future capital gains capable of offsetting the higher real interest rate.
[FIGURE 1
ABOUT HERE] Figure 1 shows that there is no evidence of a negative correlation between the real interest rate and the aluminium spot price. This result is in line with that found by Frankel (2006) . In fact, while he finds a significant negative correlation using an aggregate price index, the same relationship is statistically insignificant when tested on the aluminium market. Though this descriptive picture does not exclude in general the short-run behaviour implied by the overshooting theory, the peculiar features of the aluminium market described above provide a rationale for the absence of the negative relationship holding in many other commodity markets.
Being the US one of the main aluminium net exporting countries, an appreciation of the US real exchange rate can lead to an increase in the dollar denominated aluminium price. Thus, the dollar denominated aluminium price and the US real exchange rate should generally be negatively correlated.
[FIGURE 2 ABOUT HERE] Figure 2 shows a cross plot of the US real exchange rate and the aluminium price. As expected, the correlation coefficient is large and negative (-0.75).
For storable commodities as aluminium, the demand flow is partly determined by inventory decisions. The extra term depends on the utility deriving directly from holding stocks minus the cost of storage including insurance, spoilage, and the interest rate (Ng and Ruge-Murcia, 1997; Miranda and Rui, 1999) . Thus, when costs increase, the commodity inventory demand and, therefore, the spot price, drops. To analyse this relationship, consider the world real price, t p , and stock demand, . (Pyndick, 1994, Susmel and Thompson 1997) .
The analysis so far rests on simple statistical associations and cannot be used to derive any conclusion about causality links among variables. To investigate further these issues and to answer the questions posed in the introduction, we propose below a theoretical model and a deeper econometric analysis of the world aluminium market.
III. Theoretical framework
In this Section we develop a modified version of the structural model of the aluminium market proposed by Gilbert (1995) . In order to bridge the gulf between academic models of commodity markets and procedures routinely used by metals industry analysts to forecast commodity price dynamics, Gilbert introduces two variables: a "short-term fundamental", measuring the market balance corrected for the gap between the current and the market-clearing price level, and a "long-term fundamental", measuring the difference between production and consumption trends. He then uses these variables to build a model such that coefficient restrictions allow testing the implications of the REH.
We take the same stance and focus on how macroeconomic variables affect the aluminium stockholding and price dynamics. The structure of the aluminium industry is specified as a competition of producers on quantity and delivery conditions of annual contracts but not on price. If we assume that production is constrained by capacity, producers do not revise their production levels when the price is set by the competitive market. Thus, production depends on current prices and stock changes are in charge of meeting demand. This leads to the current price at the time of delivery and inventory lining up supply to the demand level: where i α , with = 0, 1, 2, 3, are parameters, and is a consumption shock.
The macroeconomic variables ipoecd t and r t in equation (2) affect aluminium demand within the period and are not assumed a priori to be strictly exogenous. Moreover, as mentioned above, the aluminium market structure makes consumption decisions to be planned in advance and, thus, to be dependent on lagged prices. On the other hand, the consumers might be led to revise their plans if unpredictable economic conditions (or shocks) suggest profitable arbitrage.
The US net imports variations are assumed to be a function of the real exchange rate: 
where i η , with = 0, 1, are parameters and i t f is a stock demand shock. The expression in square brackets is the incentive to hold an additional unit of stock, where we have assumed that the rate of stock depreciation is null (see Gilbert, 1995) .
In order to model the specificity of agents' behaviour in the aluminium market we first derive, as a benchmark, a market clearing price from the relationship between the spot price and the net demand. Then, we include the short-term market fundamental, ,
proposed by Gilbert (1995) to obtain a more general expression that characterizes a disequilibrium relationship as a consequence of incomplete adjustment of aluminium market price to (macroeconomic) shocks near the delivery time. is a vector of macroeconomic demand-shifting variables. Thus, the market clearing condition in terms of inventory changes is given by:
The inverse of equation (5) gives the market clearing price equation:
In order to allow for the disequilibrium between supply and demand specific of the aluminium market, we re-parameterize equation (6) as follows: respectively (see Gilbert, 1995; Pieroni and Ricciarelli, 2005) .
III.1. VAR model
The assumption of an expectation-formation mechanism in the aluminium market allows us to embed the theoretical framework set out above in a Structural vector autoregressive (SVAR) model.
From equation (7), by assuming that market equilibrium holds, i.e. t p p = , we can write:
where t ϕ is a cumulative innovation that represents the accumulation of shocks over time deriving from specific features of the aluminium market functioning.
From the stockholding rule (4), which incorporates the REH, we now derive an equation describing the pattern of inventory changes. 5 Deaton and Laroque (2003) propose to model short-run stockholding responses to expected price shifts as a growth rate,
The rationale for this identifying assumption is that speculators react to the observed price lying above or below the expected value, i.e. they modify the stockholding function to regress back to the optimal equilibrium. Thus, equation (4) can be rewritten as:
where 1 t I − is the information set on which agents condition their expectations and t f is assumed to be a stationary I(0) random variable.
5 Note that the REH holds even if prices are sticky since we assume that agents formulate correct expectations by processing all available information (Taylor, 1995 Equation (10) is a convenient way to represent the structural equation for the stock demand and is particularly suitable to describe the rational expectation mechanism. To obtain an empirically tractable model, we replace the expected value of the stock demand in (10) with a distributed lag structure (Almon, 1965) . In fact, by selecting the optimal polynomial order through statistical tests, we implicitly assume that agents formulate their forecasts taking account of the statistical significance of finite lagged values. This assures forecast accuracy and proxies the rational behaviour in aluminium market (Pieroni and Ricciarelli, 2005) .
Multiplying the structural parameters ( )
by the expectationshaping mechanism parameters for price and other control variables, the first equation of the VAR model is specified as: 
6 The solved expected value is: ( )
where , L is the lag operator, and
, with t ι being a serially uncorrelated, normally distributed shock, uncorrelated with t f .
The second equation of the VAR model refers to the aluminium price and is derived from equation (8) 
where , and
ξ is a mixture of innovations to price, t ϕ , and stock changes, t f .
The coefficients of the matrices C in (11) and (12) As anticipated above, we assume that the macroeconomic factors (ipoecd t , exc t , r t ,) are endogenously determined and governed by a non-stationary autoregressive stochastic process, with independent, serially uncorrelated, and normally distributed disturbances.
Moreover, since equation (12) is derived from the expression (8), the aluminium price must be assumed stationary, with serially uncorrelated and normally distributed disturbance terms.
A general framework that takes into account the model suggestions defines a 1 k × vector that includes both the aluminium market variables and the macroeconomic indicators. The VAR system is, thus, given by:
where
, are matrices of parameters, and is a k-dimensional vector of observed residuals. Since the theory is silent on if and how the aluminium market variables can affect the macroeconomic ones, apart from the link between the aluminium price and the real exchange rate discussed briefly above, we recover these relationships empirically.
III.2. Identification
In this Subsection we solve the identification problem arising from the system (13). In order to achieve this goal, we discuss a set of assumptions that allow us to recover the structural innovations underlying the error terms. Pre-multiplying the dynamic system (13) by the matrix A, we obtain:
It is possible to derive the structural form of the system (14) by considering two invertible matrices, A and B, such that: It is possible to single out two sets of restrictions corresponding to the two groups of shocks, one for the aluminium market variables (equations (16) and (17)) and the other for the macroeconomic environment (equations (18) - (20)).
The first set derives directly from the theoretical model given by equations (11) and (12). Equation (16) (19) is based on the assumption that exogenous demand shocks affect within the period the volatile component of the real exchange rate, i.e. the nominal exchange rate, which is reasonable if we consider that the foreign exchange market is highly responsive to macroeconomic conditions. In general, however, it would be difficult to determine the direction of causality between domestic output and the real exchange rate. Since we do not belittle this difficulty we also estimate our model inverting the causal order between the two variables as a robustness check; we obtain exactly the same results and therefore we feel encouraged to keep the first specification. Finally, equation (20) 
IV. Results

IV.1. Statistical properties of the series
In order to specify correctly the VAR model, as a first step we implement singleequation based tests to ascertain the variables' order of integration. To obtain robust 8 Our identification strategy departs from the one commonly used in the empirical literature on the real exchange rates. Following Clarida and Gali (1994) most studies identify the structural shocks of VAR models of the real exchange rate, interest rates, and output through long-run restrictions a là Blanchard and Quah (1989) . Since in this study, however, we are interested in the short-run relationship between aluminium market and macroeconomic variables, it would be difficult to imagine a consistent set of longrun restrictions on these interactions. 9 The likelihood function is derived by Amisano and Giannini (1997 The results, reported in Table 1 , do not reject the presence of a unit root in all variables, except for the world real price of aluminium. Aluminium stocks and macroeconomic variables are integrated of order one, thus confirming our hypotheses.
These findings allow us to estimate an unrestricted VAR(p) system, after checking that all roots are in modulus less than one and lie inside the unit circle. Moreover, we select the lag order using several criteria and we perform lag exclusion tests. Since no root of the characteristic AR polynomial lies outside the unit circle the estimated VAR system satisfies the stationarity conditions. Nevertheless, Table 2 shows that the first eigenvalue is high in modulus implying persistence in the data generating process of one variable.
[ The choice of a lag order 2 is supported by either AIC, FPE and LR criteria, as reported in Table 3 .
[ 
IV.2. SVAR estimation
Since our primary interest is in the structural dynamic relationship between the variables, rather that reporting the estimates of the unrestricted VAR parameters, we discuss only some key results.
[ The just-identifying restrictions described by equations (16) - (20) are imposed in the unrestricted VAR(2) to obtain a benchmark SVAR. The resulting structural parameters estimates are given by the first column of Table 5 .
[ In order to better understand the transmission channels of macroeconomic shocks to the world aluminium market, a parsimonious specification of the SVAR model is obtained by imposing and testing further restrictions basing on the p-values of the B matrix.
The eight over-identifying restrictions are not rejected, as the LR test reported in the bottom part of Table 5 shows with a and a p-value = 0.32. Therefore, we base the following analysis on the parsimonious SVAR model. [
FIGURE 4 ABOUT HERE]
The order of the shocks corresponds to that of the variables in the system (14), i.e.
, , , , st pt ipoecdt exct rt ς ς ς ς ς . Since some of the effects are marginally significant, we concentrate our comments on key findings. The peculiar behaviour of the aluminium market is confirmed by the dynamics of stocks following an interest rate shock: the response is insignificantly different from zero until the fourth month when it is significantly positive, before becoming statistically null again, thus implying that investors anticipate the persistent effect on prices and thus increase temporarily their stock to take advantage of it. This argument is supported by the response of aluminium inventories to a positive shock to prices: expectations of a slow return to equilibrium of prices will induce speculators to increase their holdings temporarily. In response to a one standard deviation shock to itself, the world aluminium price increases considerably and the effect takes about 48 months to die out. As expected from the functioning of the aluminium market, we find smooth responses of prices and long horizons of convergence. Given the estimation results of matrix B, the impact effect of the real exchange rate shock on aluminium price is significant and negative, thus confirming the preliminary evidence provided by the contemporaneous correlation discussed in Section 2. The supplementary information provided by the IRF analysis is that this effect is long lasting, although it is insignificant from the second month on. It is worth noting, moreover, that the effect of an exchange rate shock on the aluminium price is larger than on any other variable in the model. 11 The positive response of the aluminium price to a real interest rate shock, though slightly significant after two months, confirms the exceptional features of the aluminium market functioning with respect to other commodity markets, and thus provides a rationale for the results of Frankel's studies on the subject: in the aluminium market prices are set in advance of quantities, with the latter adjusted accordingly; being sluggish, the aluminium price does not reveal any decreasing response and any overshooting dynamics following a shock to interest rates.
Rather, the aluminium price tends to remain persistently higher than its long-run (equilibrium) level suggesting that its adjustment process is even slower than that of the general level of prices. The negligible response of the price to stockholding shocks reinforce the hypothesis that the contracting mechanism in the aluminium market makes the quantities adjust to predetermined prices.
Regarding the relationship among macroeconomic variables, the evidence confirms what emerges from previous literature. An unexpected shock to output causes an increase in US interest rates, though the response is restricted to be zero on impact in the parsimonious SVAR. The subsequent reaction is barely different from zero probably due to the fact that US output is only a part, though relevant, of OECD industrial production. A shock to output has a negligible influence on the real exchange rate as a consequence of the composite measure of industrial production that compensates responses to single components. The US interest rate increases sharply and significantly in response to an output shock, but this effect vanishes after three months.
In order to understand the importance of macroeconomic factors in explaining the aluminium market price and stock variability, we now turn to the analysis of the while an important contribution is given by macroeconomic variables, and specifically by the real exchange rate, the real interest rate and output, respectively. Overall, macroeconomic shocks explain more than 10% of aluminium price forecast error variance from the fifth month onwards, while they explain almost 7% of stockholdings variability at all horizons. On the other hand, aluminium stockholdings explain a significant proportion of world demand and US real interest rate variability. As for the FEVD of macroeconomic variables, it is noticeable that almost 10% of the interest rate variability is accounted for by output shocks.
V. Concluding Remarks
Traditionally, studies on metal and agricultural commodity markets have focused on the microeconomic behaviour of agents. Analyses regarding the relationship between commodity markets and macroeconomic factors have attracted less attention, though the recent generalized increase of commodity prices have brought back a renewed interest in them.
The purpose of this paper is to test the interaction between the aluminium market and some macroconomic fundamentals through a structural model that allows for disequilibrium on quantities as a specific features of contracts in the market. Our results can be summarized as follows. Firstly, while the real exchange rate has a significant impact on the aluminium price, the effect of a shock to the real interest rate is almost null. We confirm the results provided by Frankel (2006) showing that the "overshooting" theory only holds for agricultural and mineral commodities, while it is much weaker for non-ferrous metals. We interpret this result resorting to the peculiar features of the aluminium market functioning in which the producers' competition based on the contracts quantity conditions makes prices sluggish over time. This is confirmed by the response of the aluminium price to its own shock: it is large and significant over a long period, dying out after almost 4 years. Further support to this interpretation is offered by the FEVD showing that the aluminium price variability is almost entirely due to itself, while the contribution of stockholdings is insignificant at all horizons. Secondly, macroeconomic shocks explain on the whole more than 10% of aluminium price forecast error variance from the fifth month onwards, while they explain almost 7% of stockholdings variability at all horizons, thus confirming the importance of macroeconomic variables for understanding the aluminium market behaviour.
To sum up, the analysis conducted here enables us to conclude that a modelling strategy allowing explicitly for the relationship between macroeconomic variables and the rational microeconomic behaviour of agents may improve largely our understanding of commodity markets.
Data Appendix
Data are monthly and span the period from January 1995 to July 2004. 
